Over the last five years, the value of in vitro motility assays as probes of the mechanical properties of the actin-myosin interaction has been amply demon strated. Motility assays in which single fluorescent actin filaments are observed moving over surfaces coated with myosin or its soluble fragments are now used in many laboratories. They have been applied to a wide range of problems including the study of structure-function relationships in the myosin mol ecule and measurement of fundamental properties of the myosin head. However, one limitation of these assays has been uncertainty over the number of myosin heads interacting with each sliding filament, that frustrates attempts to determine properties of individual heads. In order to address this limitation, we have modified the conditions of the actin sliding filament assay to reduce the number of heads interacting with each filament. Our goal is to establish an assay in which the motor function of a single myosin head can be characterized from the movement of a single actin filament.
Introduction
The transformation of ATPyP bond energy to mechanical work by muscle proteins has been studied by a wide range of chemical and physical techniques. It has long been recognized that functional reconstitution from purified components is a key experimental approach. However, for forty years after Szent Gyorgyi and colleagues (1942) first studied the contraction o f threads o f actomyosin, progress in reconstitution of motility trailed advances in the solution biochemistry of molecular motors. This situation changed with the development of the MieZZa-based assay for myosin movement (Sheetz and Spudich, 1983) . In this simple quantitative assay, myosin-coated particles move along parallel tracks of actin bundles. Though a powerful tool, this assay was found to be unsuitable for reconstitu tion from purified components as it relied upon a biochemically uncharacterized actin filament substrate.
Attempts to develop a purified actin substratum met with mixed success (Spudich et al. 1985) , but a successful alternative approach was adopted from the microtubule motility field. Following the observation of sliding move ment of microtubules in axoplasm deposited on glass surfaces (Allen et al. 1985) , Vale and colleagues (1985) used microtubule sliding as a functional assay in their purification of soluble factors mediating fast axonal Journal of Cell Science, Supplement 14, 129-133 (1991) Printed in Great Britain © The Company of Biologists Limited 1991 transport. Similarly, visualization of single, fluorescently labelled actin filaments (Yanagida et al. 1985) allowed ATP-dependent sliding movement to be observed over surfaces coated with myosin filaments (Kron and Spudich, 1986) , and proteolytic fragments of myosin (Toyoshima et al. 1987) . These assays have been applied to studies of properties of myosin energy transduction. Two definitive results from such experiments were experimental demon strations of movement activity (Toyoshima et al. 1987 ) and force-production (Kishino and Yanagida, 1988) by the isolated myosin head, subfragment 1.
The sliding filament assay has been used to measure the step size or power stroke of the myosin molecule, the displacement o f an actin filament associated with a single ATP hydrolysis. Toyoshima etal. (1990) measured the rates o f sliding movement and ATP hydrolysis in the myosin-coated surface assay. By normalizing the ratio of filament velocity and ATP hydrolysis to the number of myosin heads interacting with an actin filament, a step size of less than 20nm ATP-1 was estimated. Using a similar approach, Harada etal. (1990) estimated a step size of more than 100 nm ATP-1 . This difference may be explained by considerations of measurement of ATPase or other parameters. Nonetheless, one prominent difficulty with the myosin-coated surface assay which affects the step size calculation o f these studies is uncertainty in the number of myosin heads interacting per unit length of sliding actin filament.
We (Uyeda et al. 1990 ) have taken a second approach to measuring the step size, where we have modified the sliding assay to examine the relationship between sliding velocity and filament length at limiting densities of myosin heads. Methylcellulose (MC) was found to inhibit diffusion of actin filaments away from surfaces coated even very sparsely with myosin. MC is a high molecular weight, inert polymer used in industry for its activity as a viscosity enhancer in dilute aqueous solutions. When the motility assay was performed in the presence o f MC, slow movement over sparsely coated surfaces could be observed. This was interpreted to be movement of actin filaments not in continuous contact with active myosin heads. The proportional decrease in sliding speed with decrease in the probability o f interacting with an active myosin head was used to measure a power stroke. While, as in our previous study, the conclusions of Uyeda et al. (1990) are weakened by uncertainty of numbers of interacting heads, this work suggests a way of eliminating the statistical problems posed by multiple interacting heads. Our current approach is to investigate whether actin filament movement can be observed in the presence of MC when driven by single myosin heads. Here, we discuss progress toward observing the movement activity o f single myosin heads and a proposed experiment to measure the force o f a single myosin head.
Materials and methods

Instrumentation
The major consideration for non-destructive observation of single tetramethylrhodamine-phalloidin labelled (Rh-Ph labelled) actin filaments in real time at high magnification is to optimize fluorescence imaging. We have used an upright epifluorescence microscope, stripped of all unnecessary optical components, which may absorb or scatter light (Fig. 1) . The standard epi illumination light source is the 546 nm emission line of a 100 W mercury high pressure arc lamp, attenuated with neutral density filters or an iris diaphragm to control photodamage. R h -P h labelled actin has maximal fluorescence emission at 575 nm, requiring relatively close excitation and emission bands in the filter set which must also display high transmittance in the pass band and excellent rejection of the excitation light by the emission filter.
In general, magnification and image brightness are at cross purposes. Video recording of sliding movement at the magnifi cation used for single myosin head movement (screen diameter 25 /mi) demands careful selection of the optical components and camera system. Because the brightness of fluorescence in an epi illumination microscope depends on the objective N.A. to the fourth power, the most important optical component is the objective, which must be an immersion lens with N.A.>1.2. Even with a bright image of labelled actin filaments, a microchannelplate intensified Newvicon or CCD camera (e.g. GENIISYS, Dage-MTI, KS1381, Videoscope or C2400-09, Hamamatsu), rather than a SIT camera, may be required.
Good quality images have plenty of contrast, making real-time digital image enhancement unnecessary. Noise reduction by frame averaging should be avoided because of inevitable distortion of motion. Currently, the best alternative for data storage is video recording on optical disc.
Buffers
MSB: 25 mM imidazole-HCl pH 7.4, 0.6 m KC1, ImM ethylene diamine tetraacetic acid (EDTA), 1 mM dithiothreitol (DTT).
BED: 0.1 mM NaHC03, 0.1 mM ethyleneglycol-6is-(2-aminoethylether) tetracetic acid (EGTA), 1 mM DTT.
Digital image processor
Fig. 1. Diagrammatic representation of the experimental apparatus. The myosin-coated surface assay is performed on a glass coverslip mounted on a microscope slide. Fluorescently labelled actin filaments sliding over the myosin-coated surface are visualized by intensified-video fluorescence microscopy using an upright epifluorescence microscope coupled to a microchannel-plate intensified video camera. The video signal is recorded on an optical memory disc recorder to facilitate high-resolution motion analysis. The analog video data are later digitized and analyzed to determine the position of each filament in each video frame during a movement record.
Image intensifier
2xCHB: 20nM imidazole-HCl pH7.0, 1 m KC1, 4mM MgCl2, 10 mM DTT.
Phenylmethyl sulfonyl fluoride (PMSF) stock: 0.2 m PMSF in ethanol.
PMB: 25 mM imidazole-HCl pH 7.4, 100 mM NaCl, 5mM MgCl2, 1 mM DTT.
E64 stock: l m g m r 1 E64 in dimethylsulfoxide. SB: 10mM imidazole-HCl pH 7.4, 0 .5m KC1, ImM DTT. AB: 25mM imidazole-HCl pH7.4, 25 mM KC1, 4mM MgCl2, 1 mM EGTA, 1 mM DTT. AB/BSA: AB, 0.5m gm l_1 bovine serum albumin (BSA). AB/B SA/G O C : AB/BSA, 0.018m gm l_1 catalase, O .lm gm l-1 glucose oxidase, 3 mg ml glucose.
AB/BSA/G O C /A TP: AB/B SA/G O C , 2mM Na2-ATP.
Protein preparation
For these experiments, we have used both chymotryptic heavy meromyosin (HMM) and papain-M g2+ subfragment 1 (SI) made from proteolytic digestion of skeletal muscle myosin (Hynes et al. 1987) , stored at -20°C in MSB and 50% glycerol at a final concentration greater than 10 mg m l" 1.
To make HMM, we use a modification of the method of Okamoto and Sekine (1985) . To about 20 mg of stock myosin in the centrifuge tube, add 9 volumes cold BED and mix gently and completely. After at least 10 min incubation on ice, centrifuge to sediment the myosin filaments. Dissolve the pellet in 2xCHB and BED as needed to achieve a final concentration of 15m gm l_1 myosin in CHB. Incubate the myosin solution for 10 min at 25°C. Add TLCK-treated (alpha)-chymotrypsin to 12.5figm l-1 , gently mix, and incubate for 7.5 to 10 min at 25°C. To stop the reaction, add 9 volumes cold BED with 3mM MgCl2 and 0.1 mM PMSF to the reaction. After more than 1 h on ice, clarify the suspension at high speed. The supernatant is typically 0.7 mg m l" 1 HMM.
To make SI, prepare a pellet of myosin filaments as above. Dissolve the pellet in an equal volume (about 0.25 ml) o f 1.2 M KC1 and 20 mM DTT in BED, and incubate for 10 min at 25°. Dilute with 19 volumes ice cold BED (to about 10 ml final volume), incubate on ice for at least 10 min, and again sediment the filaments. Resuspend the pellet in PMB to a final concentration of 10-12 mg ml-1 and incubate for 10 min at 25°. Add papain to 12.5 /igm l" 1, mix gently and incubate for 7.5-10 min at 25°. Stop the reaction with an equal volume of ice-cold BED with 5 m M MgCl2 and 5 jUgml" 1 E64. Incubate for at least 1 h on ice before high speed centrifugation. Recover the supernatant, typically 1.1 mg m l" 1 SI, and store on ice.
Actin affinity purification is performed to remove irreversible rigor heads from either preparation. Add filamentous actin to 0.15 m gm l" 1 and ATP to I m M to an aliquot of the stock myosin fragment. After a short incubation on ice, centrifuge the mixture at high speed to sediment the actin. Actin preparations can have an associated proteolytic activity. Thus, use the supernatant within 2 to 3 h.
Gel filtration (e.g. on a Superose 12 HR FPLC column (Pharmacia LKB) for SI or Superose 6 HR for HMM, flow rate 0.25 ml min-1 SB) yields further purification. Concentrate the actin-purified supernatant in a Centricon 30 (Amicon) ultrafil tration device to less than 0.5 ml. Clarify the retentate by high speed centrifugation and load the supernatant onto the column. Pool the major protein peak by A 280 to yield the final myosin preparation, which is stable on ice for several days.
Muscle actin (Pardee and Spudich, 1 9 8 2 ) is stored on ice as filaments at about 4m gm l_1 in AB with 0 . 2 m M ATP. To label actin fluorescently, first dry 94 /d of a 3 .3 /mi solution of tetramethylrhodamine-phalloidin (Rh-Ph) in methanol (Molecu lar Probes) to a residue, in a Speed Vac concentrator (Savant) or by a N2 stream. Redissolve the phalloidin in 2 /ug ethanol. Add 2 9 0 fil AB and vortex for approximately 3 0 s. Add 1 0 ¿d of lm g m l" 1 actin (freshly diluted in AB), mix well and incubate overnight on ice in the dark. Test the extent of labelling by fluorescence microscopy. R h -P h labelled actin is stable on ice in the dark for several weeks.
Motility assay
Construction of the experimental flow cell requires slides, coverslips (typically No. 1, 18 mm square), a diamond scribe and a glass syringe fitted with a blunted 21 French needle and filled with Apiezon M grease. To coat the coverslips with nitrocellulose (NC, 1% in amyl acetate, Fullam), fix several on a slide with small drops of water. Apply a drop of NC diluted to 0.1 % in amyl acetate to each of the coverslips and spread the film using a side of a pasteur pipette tip. Touch the edge of the slide to filter paper to absorb the excess NC. Allow the film to air dry. The coverslips can be detached from the slide and used for up to two days.
Using the syringe, place two parallel beads of grease several cm in length about 10 mm apart onto a slide. Using a slide as a guide, cut several 2 mm wide strips of untreated coverslip with the scribe. Position two strips outside the pair of grease lines. Place an NC-coated coverslip, film side down, onto the grease and press down with the forceps until it rests on the strips. The resulting flow cell has an internal volume of about 50 ul. Place a bead of grease across the coverslip close to the inlet of the flow channel, forming a dam to prevent flow of methylcellulose solutions over the coverslip rather than through the channel.
Prepare a 2% (w /v) methylcellulose (Sigma M-0512) stock solution and dialyze it overnight against AB with 0.05 % NaN3. All solutions are freshly diluted from stocks and kept on ice. To inhibit photobleaching, dissolved oxygen is removed from AB and AB/BSA by degassing under vacuum.
Prop the dry flow cell up at an angle of approximately 30 °, with its 'inlet' down, and fill the channel with a dilution of stock myosin fragments in AB/BSA. Immediately flip the flow cell upright and introduce a second aliquot of the diluted myosin into the flow channel and incubate for 60 s. (Initially, start with about 50,ttgml-1 SI in AB/BSA in order to oberve smooth sliding movement. Then, titrate the concentration of SI by dilution in AB/BSA to achieve optimal motility. Stock SI may need to be diluted 500 fold to observe single-head motility.)
Beginning with 100 fi\ AB/BSA, infuse solutions in approxi mately 50 /A aliquots (one flow cell volume) forming a small pool at the inlet to the flow channel. Infuse 100 ,ul o f a 1 to 70 dilution of stock R h -P h actin in AB/BSA. After 60 s, infuse 100 ¡A AB/BSA, followed by 100/4 of 0 .7 -1 .0% MC in AB/BSA/G OC, which provides both the viscous medium for low myosin density movement (Uyeda et al. 1990 ) and an enzymatic scavenger of dissolved oxygen (Kishino and Yanagida, 1988) . Immediately follow with 50/.d of A B /B SA/G O C /A TP with 0.7 -1 .0% methyl cellulose.
Once the ATP solution has been infused, dry the exposed parts of the slide, oil the coverslip and place the flow cell onto the microscope stage. With the actin filaments bound to the underside of the coverslip in focus, sliding movement should be immediately visible.
Results
We use methylcellulose (MC) as a high molecular weight, inert solute to increase the 'macro-viscosity' of the assay solution ( Uyeda et al. 1990 ). Use of MC restricts actin filaments to a characteristic form of brownian motion, reptation. Actin filaments suspended in 0 .5 -2 .0 % MC do not undergo rapid lateral displacements like those of filaments suspended in assay buffer. However, the axial component of brownian motion is largely preserved (Fig. 2) . When the motility assay is performed in the presence of MC, concentrations of myosin heads which otherwise could not hold filaments to the surface can effect net actin sliding movement. Yet the sliding speed of actin filaments on surfaces sparsely coated with myosin are unchanged in the presence of 0.5 % -2 .0 % MC, suggesting little if any viscous loading of myosin heads by the methylcellulose.
When high concentrations of SI are applied to the surface, smooth sliding movement occurs at 1-2 /¿ms" 1 in the presence or absence of MC. However, when surfaces are only sparsely coated with myosin heads, sliding motility can only be observed in the presence of MC. As the concentration of SI applied is decreased, the sliding movement slows and becomes intermittent, consisting of smooth sliding interrupted by short reptating movements. At the lowest applied concentrations, the movement is no Characteristic reptating movements of actin filaments in methylcellulose solutions reflect the signficant difference between the degree of inhibition of lateral motions and axial motions. Apparent motion of the 'nonmoving' filament, an actin filament fixed to a myosin-coated surface by rigor bonds, reflects in part system noise as well as any flexibility in the molecular components.
Time (s) Fig. 3 . Record of displacement of a single actin filament sliding over a surface sparsely coated with myosin subfragment 1. The position of the centroid of a single actin filament (length approx. 2 am) was determined in each video frame (30 frames s ) for 11s. Here, a 3 frame rolling average was used to smooth rapid transients. Displacements along the filament path were determined for each frame and plotted versus elapsed time. Note that the record consists of runs of slow forward sliding interrupted by rapid random displacements. At least two distinct speeds of sliding are demonstrated in this record.
longer smooth, even for short intervals. In this regime of limiting myosin head density, individual filaments undergo limited brownian movement at all times, yet make slow but significant progress in a single direction along their axis. Such filaments move in runs and pauses, periods of slow sliding which may move a filament the distance of its length or greater, punctuated by periods of free reptation (Fig. 3) . When no myosin is applied to the surface, actin filaments are found near the surface only rarely. These filaments appear to undergo free reptation.
Conclusions
Kinetic evidence suggests that the tightly bound states of myosin may represent only a fraction of the kinetic cycle. Thus, an actin filament undergoing sliding movement in the presence of ATP must interact simultaneously with many myosin heads in order to remain continuously attached to a myosin-coated surface. The model-dependent analysis necessary to extract the properties of the individual myosin head from sliding movement due to large ensembles of myosin heads is subject to criticism. The stochastic nature of the actin-myosin interaction is itself confounding to such studies. However, a new class of approaches can now be considered, that involve mechan ical measurements of the function of single myosin heads. Prior to this work with myosin, sliding movement of microtubules over single, two-headed, kinesin molecules was reported (Howard et al. 1989) . Comparison of the activités of these two motors in single molecule movement assays may be illuminating. Considering the kinetic properties of muscle myosin, a motility assay for single myosin head movement may provide a particularly useful tool for the analysis of molecular motor function.
The system for assaying the movement described is an extension of our recent studies of sliding movement over surfaces sparsely coated with heavy meromyosin ( Uyeda et al. 1990 ). We found that the limit on sliding movement at low densities of myosin could be overcome by including in the assay buffer a high molecular weight polymer, methylcellulose (MC), to increase the macro viscosity of the solution. Using methylcellulose and surfaces coated very sparsely with myosin, we have now observed filaments undergoing a characteristic form of sliding movement. We have interpreted this to result from intermittent impulses from a small number of single myosin heads superimposed on the brownian motion of the filaments.
During intervals when a single head interacts with an actin filament, its sliding movement in MC solutions is readily predicted. According to the simplest form of the swinging crossbridge model (Huxley, 1969) , the average speed should be determined by the product of the step size and the turnover rate. In order to extract a value for the step size, we wish to measure the average sliding speed of an actin filament in contact with a single myosin head. Within the optical trap, the polystyrene bead is held in a roughly spherical, potential well with diameter near the optical wavelength. Flash photolysis of caged ATP will result in repetitive cycling of the myosin head and movement of the polystyrene bead to the edge of the trap. The position of the bead is monitored continuously, with nm precision. Modulation of the force of the optical trap is used to observe the effect of increasing tension in the actin filament on the motion of the polystyrene bead, yielding a force-velocity curve for a single myosin head.
also be possible. Flexible glass needles (Kamimura and Takahashi, 1981) , as used by Kishino and Yanagida (1988) , probably lack the necessary sensitivity. A novel approach for force measurement in the microscope has recently been applied to studies of microtubule-kinesin interactions (Block et al. 1990; Kuo and Sheetz, 1990) . The single-beam, gradient force, optical trap (Ashkin et al. 1986; Ashkin and Dziedzic, 1987) provides a micromanipu lator capable o f exerting large forces on dielectric materials, such as glass or plastic beads. A possible experiment with an optical trap is to hold in place, via an attached polystyrene bead, a single actin filament during its interaction with a single myosin head (Fig. 4) . The function o f the trap is two-fold in this experiment. It not only provides a way to impose a variable load on the myosin head, but also damps brownian motion of the actin filament, facilitating high precision imaging of position during cycling of the myosin head. Thus, the force velocity relation, the step size and the mechanical duty cycle should each be able to be determined in this geometry.
